Bivalve molluscs store a complete history of their life in the growth lines in their valves. Through sclerochronology, in combination with isotope signatures, it is possible to reconstruct both post-recruitment growth history at the individual level and commensurate environmental records of temperature and salinity. Growth patterns are integrators of local primary productivity; spatial and temporal changes in growth illustrate commensurate patterns of food availability. Mactrid clams are long-lived, benthic dominant species found on inner continental shelves throughout the Northern Hemisphere where they variously support major fisheries (Spisula solidissima in the Mid-Atlantic Bight, Mactromeris polynyma in eastern Canada, Spisula sachalinensis in Japan) and recreational fisheries (Mactromeris polynyma in Alaska), and serve as dietary items for charismatic species such as bearded 
Introduction
Climate change is arguably the greatest challenge facing human society today. The Nobel Prize winning report of the Intergovernmental Panel on Climate Change (IPCC 2007) provides a comprehensive overview of the factors contributing to and prospects for continuing climate change. No ecosystem is immune to these changes. Arctic marine ecosystems are suffering the combined impacts of rising temperature, declining seasonal ice cover, and increasing riverine inputs associated with thawing of permafrost. The combination threatens disruption of formerly stable food chains. The potential exists for pelagic primary production to be redirected from benthic to pelagic food chains with resultant impact on apex predators, including some of the most publicly visible and charismatic species of the arctic ecosystem, in addition to broader societal impacts on indigenous communities (e.g., Hunt et al. 2002; Krupnik and Jolly 2002; Duerden 2004; Grebmeier et al. 2006a,b; Burek et al. 2008) .
The arctic continental shelves are similar to those of northwest Europe, the middle Atlantic coastline of North America, and much of the northwest rim of the Pacific in having wide and relatively gentle sloping topography with the opportunity (at least seasonally) for windinduced vertical mixing of the water column over enormous areas. At these times surface-generated primary productivity is mixed to the benthos and available for grazing by infauna (Hofmann et al. 2008 , Xu et al. 2011 , Munroe et al. 2013 . Shelf bathymetry does not preclude benthic production of single cell plankton as diatom mats that offer additional food sources for benthic grazers and infauna (Munroe et al. 2013) . Unlike the Antarctic shelf benthos, isolated by a circumpolar current and deep bathymetry, the artic benthos and associated fauna include a large component that is a continuum of boreal species from lower latitudes. The benthos of the shallow arctic seas can thus be characterized as living along an environmental cline from lower latitudes (see for example species distributions in Bernard 1983 , Dunton 1992 . But the environmental clines are changing, prompting two questions:
(1) what are the implications of changing primary productivity, both in terms of timing and intensity, in combination with decreased seasonal ice cover on benthic production, and hence water column food chains; and (2) can we use individual based bioenergetic and growth models developed for lower latitude species to inform question (1)? This contribution explores the role that large, long-lived bivalve molluscs offer in responding to the above questions.
Bivalve shells as environmental recorders
Bivalve molluscs maintain a complete history of their individual life in their shells (valves). The shell structure is a time-based integrator of growth in the seasonally and otherwise oscillating environment that each individual occupies. Shell formation is a process of calcification over a protein matrix effected by the underlying soft tissue mantle, with each layer adding as a laminate to the internal surface of the intact shell (Rhoads and Lutz 1980, Richardson 2001) . The carbonate form and crystallography may vary at a species-specific level, as may the presence of an external proteinaceous periostracum. Carbonate dissolution from the internal valve surface can occur during periods of anaerobic respiration to maintain pH balance (Crenshaw and Neff 1969 , Wilkes and Crenshaw 1979 , Rhoads and Lutz 1980 , but this is transitory in terms of longer-term deposition patterns. The overall result is a shell structure inclusive of multiple growth signatures-the challenge is to discriminate the time base and/or the physiological and environmental events that correspond to each signature (review in Richardson 2001; see Schone et al. 2005 and Kilada et al. 2007 for interesting examples).
Growth signatures in individual valves are typically visualized by sectioning from the hinge (dorsal) to the ventral margin and polishing the exposed surface (height of the shell dorsal to ventral). The laminate structure of the individual layers is thus exposed, with each more recent layer being exposed at the growing edge beyond that of the immediate preceding layer. This shingle-like structure results in the concentric growth signatures on the external valve surface. These are subject to erosion over time, thus external signatures are often absent near the hinge region in older individuals, even where an overlaying periostracum may have once been present (for example Arctica islandica). Even though external signatures may have been lost, the laminate structure of the valve retains the internal signatures and is thus available for reconstruction of the individual life history. Described signatures correspond to annual, spawning, tidal, and disturbance events (Richardson 1988 (Richardson , 2001 . At a species-specific level, polished edges of sectioned valves may reveal considerable structure by direct visual examination. The exposed edge can be acid etched and an acetate sheet applied. Upon careful removal, the acetate peel provides a "negative" record that can be examined to reveal fine structure with transmission light microscopy (Rhoads and Lutz 1980 , Ropes 1984 , Richardson 2001 . Alternatively, high definition imaging can be used directly on the polished edge (Harding et al. 2008b) . Scanning densitometry can be used on images generated by either approach to discriminate growth signatures (Richardson et al. 2005 , Harding et al. 2008b ). The proverbial "bottom line" is a highly defined chronology of signatures, corresponding to the hinge-to-ventral-margin growth axis, that encompass the entire individual life span and that can be quantified.
Visual signatures are widely used to generate length-at-age relationships, typically by Von Bertalanffy fits (for examples see Sasaki 1981 , Jones et al. 1989 , Ramón and Richardson 1992 . Where species support capture fisheries, the age-at-length curve is a central component, together with mortality estimators from population demographics, size versus fecundity descriptors, and yield estimators (weight at length/ age) in development of sustainable fisheries management plans (for example see Thorarinsdóttir and Jacobsen 2005) . Isotope techniques offer resolution to the question of the temporal basis of the sequence of signatures (Jones et al. 1983) . Bivalve shells are in situ bathythermographs in that the incorporation of oxygen isotopes into carbonate is temperature and salinity dependent, thus in coastal shelf systems the O
/O
18 ratio provides a now well calibrated record of temperature (Jones and Quitmeyer 1996) . The cyclical nature of the ratio identifies seasonal periodicity. The absolute values of the ratio provide environmental temperature proxies from short-term (Kirby et al. 1998 , Harding et al. 2010 , Chute et al. 2012 ) to very long-term situations (Schone et al. 2004 (Schone et al. , 2005 . Additionally, cyclical variation in elemental ratios in molluscan shell growth provides tools for investigating seasonal growth (for examples see Richardson et al. 2003 on Pinna nobilis, and Richardson et al. 2005 on the red whelk Neptunea antiqua), while bomb radiocarbon signatures can provide absolute temporal reference points for long-lived species (see Kilada et al. 2009 for application in age verification of the propeller clam, Cyrtodaria siliqua in eastern Canada).
Growth and bioenergetics in bivalvesmodels overcoming complexity
Whereas length-at-age relationships enjoy common use in fisheries management, the development of sophisticated bioenergetics models in combination with location-specific length-at-age estimates provide opportunities to examine productivity estimates supporting the observed growth. This is a complex undertaking as the simplified following example illustrates; however, current-modeling efforts can surmount this complexity. Consider the Von Bertalanffy growth function:
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where L t is length at time t and L ∞ is asymptotic length. The function, generated from length and age data over the increments provided by the previously described sections, allows estimation of the growth constants (K). Length versus biomass relationships (from field samples) can be recast in terms of energy and related to local physical and food environment through manipulations beginning with the energy budget equation. The energy balance in an individual organism is described thus:
where: C = consumption; P = production, sometimes considered the sum of somatic production (P s ), gonadal production (P g ), and, in the case of molluscs, shell production (P sh ); R = respiration (both aerobic and anaerobic); F = fecal production; and U = excretion and secretion. The units are typically in energy per unit time. The equation can be rearranged to estimate P:
Optimization of the right side of the equation maximizes P and provides an estimation of scope for growth (SFG)-resources in excess of that required for maintenance metabolism ( Fig. 1 provides an example). Individual components of the energy budget equation can be related to weight by an allometric relationship (Brown et al. 2004) :
where W is a measure of biomass, a is a constant, and b is the exponent describing the size dependency. Values of the constant a generally increase with temperature. Further, the rate is affected by a suite of variables not limited to temperature, such as salinity and oxygen. A simple reflection of this environmental sensitivity can be illustrated as follows:
where t is a coefficient that has been added to indicate temperature dependence. Consider an example wherein Q 10 , the increase in physiological rate with a 10°C increase in temperature, is different for each of C, R, F, and U in the SFG estimator, and the same applies for the constant a, and the exponent b. So, quantification of SFG requires knowledge of a series of differing allometric relationships with differing t a a and t b b parameters. In bivalves, consumption (feeding) scales by gill area (square of linear dimension), respiration scales by weight (cube of linear dimension), fecal production scales as for feeding but assimilation may differ with increasing temperature, and excretion depends on, among other things, respiratory substrate, which varies both seasonally and with status of the gametogenic cycle (Bayne 1976; Mann 1978; Mann and Glom 1978; Ross 2001, 2005 ; see also Lika and Nisbe 2000) . Furthermore the Q 10 concept, while useful over limited physiological ranges, does not reflect the nonlinear relationships that exist near thermal minima and maxima. Examples of a complete series of contributing mathematical relationships are described in Munroe et al. (2013) and Hofmann et al. (2006) . 
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Despite the obvious complexity of the modeling challenge, significant progress has been made since the landmark works in physiological ecology of Bayne and his collaborators on the mussel Mytilus edulis (see Bayne 1976 for an overview). Gross growth efficiency is high for juveniles. But as the animal grows the energy budget is increasingly constrained by the differential increase in ingestion relative to respiration with increasing biomass, as well as the allocation of additional energy to reproduction upon maturity (Calow 1977) . Over the past 20 years individual-based models and dynamic energy budget models have been developed based on this principle for oysters, Crassostrea virginica (Powell et al. , 1996 Hofmann et al. 1992 Hofmann et al. , 1994 Hofmann et al. , 1995 and Crassostrea gigas (Kobayashi et al. 1997 , Hyun et al. 2001 , Ren and Ross 2001 ); green mussels, Perna canaliculus (Ren and Ross 2005) ; hard clams, Merceneria mercenaria (Hofmann et al. 2006) ; Manila clams, Tapes philippinarum (Melia et al. 2004 , Flye-Sainte-Marie et al. 2007 ; and more recently the mactrid surfclam, Spisula solidissima (Munroe et al. 2013) . Fig. 2 provides a graphical description of SFG versus temperature for the surfclam Spisula solidissima at a single food concentration.
The contribution of Munroe et al. (2013) in particular is relevant herein because it poses two questions, that is "how much growth can be predicted based on the observed available food?" and the converse "what food resources are required to support the documented growth?," and it does so in an environment where the exact local food conditions of target species are less well understood because of bathymetry. Munroe et al. (2013) conclude that only 65% of the required food to support observed growth is provided by water column chlorophyll, and that the remainder must be associated with benthic production. Evidence of benthic supplementation of water column food for benthos in comparable bathymetry is rare but not unique (Fry 1988 , Hobson et al. 1995 and has been discussed in prior studies of mactrids (Ambrose et al. 1980 , Sasaki et al. 2004 ). This emphasis is pertinent to the study of shallow shelf systems in high latitudes where direct measures of water column chlorophyll are limited by field access in harsh and remote environments, and where these measures are used to drive algorithms relating field data to observations of ocean color from satellite telemetry. Direct measures are limited by temporal and spatial access, while satellite data integrate over a limited depth from the ocean surface that may or may not extend to the benthos. An argument can be proffered that both water column chlorophyll and satellite derived measures of available food to the benthos may provide an underestimate of the true measure of food available over considerable swaths of shallow continental shelves. In turn this raises the question as to the productivity of food chains underpinned in part by benthic production. Is this possible underestimate significant and is it changing in high latitude systems where seasonal ice cover is decreasing? We need more data.
Mactrids as environmental recorders in high latitude continental shelf systems
Whereas bivalves are familiarly used as sentinel organisms to monitor coastal ecosystem health (Green et al. 1983 , O'Connor 1996 , Kim et al. 2008 , their use in deeper water to monitor climate change is largely unconsidered, though their physiology is appropriately sensitive to variations in temperature and food supply (e.g., MacDonald and Thompson 1985 , Roy et al. 2001 , Kim and Powell 2004 . Ambrose et al. (2006) and Carroll et al. (2009) have made a strong argument that long-lived sessile bivalve molluscs can be employed as location-specific environmental barometers for high latitude systems. Can we use this environmental sensing to provide time-integrated proxies for primary production? We proffer a positive opinion. With the arctic shelf as a target region, can we choose a sentinel species or suite of species that allow reconstruc- Mactrids are among the largest bivalves that do not host symbiotic chemoautotrophs or photoautotrophs. They are both long-lived, often are biomass dominants, and have regionally extensive ranges. They are infaunal, are found in sand and sand-mud sediment mixtures, but generally avoid regions subject to regular hypoxia, which may produce confounding growth signatures. The growth form is usually isodiametric. Vermeij (1991) argues that their distribution across three oceans results from an early Pliocene expansion from the Pacific to the Arctic and North Atlantic Oceans as part of the trans-arctic interchange. Although other large and long-lived bivalves occur throughout the world (e.g., Butler and Keough 1981, Wisshak et al. 2009 , Titschack et al. 2010 , few other than Arctica islandica (Schone et al. 2005, Ridgeway and Richardson 2011) have these favorable traits. The genus Spisula is represented in the western North Atlantic by the benthic dominant Spisula solidissima (Dillwyn, 1817) on the middle Atlantic shelf from Cape Hatteras to a northern limit on Georges Bank and the southern Gulf of Maine Ropes 1969, Franz and Merrill 1980) . Spisula solidissima supports a major fishery, is well documented with respect to population biology and growth dynamics Weinberg 2006, NEFSC 2010) , and is a major indicator of species response to ongoing climate change over its distribution (Weinberg 2005 , McCay et al. 2011 . To the south of Spisula solidissima is the limited shallow-water distribution of Spisula solidissima similis (Say, 1822) [also described as Spisula raveneli (Conrad, 1831)] 1 , a species limited in terminal size, arguably driven by seasonal higher water temperatures and the allometric discord between energy budget functions as described earlier. In the southern New England to northern rim of the Georges Bank, the dominant 1 Museum type specimens are lacking in the National Museum of Natural History collection at the Smithsonian Institution (Dr. Michael Vecchione, National Systematics Laboratory, pers. comm.), and the Academy of Natural Sciences of Philadelphia (Jacobsen and Old 1966) . Abbott (1974) suggests that S. raveneli may be a synonym of S. s. similis; however, Jacobsen and Old (1966) and Porter and Schwartz (1981) suggest the use of S. raveneli to be more appropriate and that the distinction be at the species, rather than subspecies level. Neither Theroux and Wigley (1983) , nor Turgeon et al. (1988) recognize S. raveneli or S. s. similis. Abbott (1974) suggests that S. s. similis is found from Cape Cod to Texas including both sides of the Florida peninsula-a range that would warrant inclusion in Theroux and Wigley (1983) . Descriptions of either S. s. similis or S. raveneli south of Cape Hatteras are limited (Kanti et al. 1993, Walker and . Growth and age data indicate more rapid growth in the southern species with a smaller maximum size and age (76 mm and 4 years in Georgia, 135 mm and 5.5 years in Florida) than S. solidissima (up to 226 mm and 37 years). mactrid grades from Spisula solidissima to Mactromeris polynyma with the latter continuing along the northeastern Atlantic shoreline through the Canadian Maritimes and Labrador Strait (also known as the Strait of Belle Isle) to a pan-arctic distribution with a western component extending from the Juan de Fuca Strait to Point Barrow, Alaska, and Sakhalin Island, Russia (Chamberlin and Sterns 1963, DFO 2007) . For completeness, the continuum of species progresses west with Spisula sachalinensis into the Sea of Japan (Golikov and Scarlato 1970) , a species for which Sasaki (1981 Sasaki ( , 1982 provides both a Von Bertalanffy growth descriptor and size versus fecundity estimator. To the east the northern European shelf from the Iberian Peninsula to Norway is habitat for Spisula solida (Linnaeus, 1758) (Conchological Society of Great Britain and Ireland 2011). The smaller Spisula subtruncata (da Costa, 1778) (50 mm versus 26 mm maximum length) occupies the corresponding shallow subtidal depths, in addition to extending into the northwestern Mediterranean Sea, where Fraschetti et al. (1997) address population level dynamics in the Ligurian Sea. Population structure and dynamics of Spisula solida have been examined in support of fishery management and aquaculture (Fahey et al. 2003 , Dolbeth et al. 2006 , Joaquim et al. 2008a ). The resource has arguably been overexploited in part of the range (Gaspar et al. 2003 , Joaquim et al. 2008b ). Smaal (2002, 2004) provide data on the physiological energetics of individual Spisula subtruncata.
A rich quantitative literature on the life history, population dynamics, and bioenergetics exists for the genus Spisula from three continental margins. Indeed, in the manner that Ambrose et al. (2006) and Carroll et al. (2009) reported the record of climate change in the shells of the Greenland smooth cockle, Serripes groenlandicus, in the Barents Sea there are also records of response of Spisula solidissima to climate change in the Mid-Atlantic Bight. Weinberg (2005) , based on long-term stock assessment survey data, notes a bathymetric shift in distribution in response to warmer ocean temperature wherein the southern range limit is moving north while simultaneously moving to deeper water. Picariello (2006) noted changes in growth rate within a generational time frame at locations in this southern transitioning zone. In combination with a current bioenergetics model of Munroe et al. (2013) , the proposal to employ the genus Spisula as a continental shelf sentinel species as describe earlier is supported. What is the status of knowledge for Mactromeris polynyma and can it be included in this effort?
Mactromeris polynyma has supported a major fishery in the Maritimes since 1986; a comprehensive assessment report describing population biology and growth dynamics is available (DFO 2007, see also Hargrave et al. 2004 ). The oldest individual collected was 61 years old and the largest 157 mm maximum dimension (length, anteriorposterior parallel to the hinge) from a 2004 survey of the Banquereau Bank in the Scotia-Fundy Region. Natural mortality was estimated at 0.08 yr -1 for this population. Hughes and Bourne (1981) describe a 1977 and 1978 subtidal assessment of Mactromeris polynyma in the Bering Sea with a projected exploitable biomass of 329,000 ± 52,000 t. A maximum cohort biomass occurs between 9.4 and 13.0 years of age. Growth is slow with a Von Bertalanffy K = 0.135 yr -1 and a conservative mortality, M = 0.19 yr -1
. A draft fishery management plan for the Alaska resource was developed as early as 1979 (NPFMC 1979) . Maximum age for the Alaska population is estimated at 25 years (DFO 2007) . This disparity in maximum age was confirmed by Hart (2005, 2007) who found that the Alaska and Atlantic populations of Mactromeris polynyma were significantly differentiated using microsatellite markers. The Alaska population had greater allelic richness supporting the previously described arguments of Vermeij (1991) that mactrids originated in the North Pacific. Cassista and Hart (2007) , noting regular recruitment and little genetic diversity among year classes in both Alaska and Atlantic populations, suggest a "spatially broad and temporally persistent genetic homogeneity of these bivalves." Paul and Feder (1976) report that Alaska Mactromeris polynyma also occur locally in dense intertidal aggregations. It is a common food for bearded seals (Erignathus barbatus) and walrus (Odobenus rosmarus divergens) (Fay et al. 1977 , NPFMC 1979 , Ray et al. 2006 . Again, stability in recruitment and genetics of a sentinel organism is desirable; it insures that observed changes in growth are reflective of the local environment.
Extending the reference time frame with archaeology: is this an option?
Long-lived species provide commensurate time frames of information when collected live. Field collected shells from dead specimens can extend the time frame backward with chronology being provided by carbon isotopes. Can additional information be garnered through archaeological studies of indigenous communities with their traditions of hunting and fishing? Shallow seas provide convenient harvest grounds for native populations. Bivalve shells provide records of harvest and degrade very slowly in both trash pits and shell middens. For example, Harding et al. (2008a Harding et al. ( , 2010 used oyster shells recovered from an archaeological site at Jamestown, Virginia, to reconstruct riverine temperature and salinity during the "starving times" of early colonial settlers. The important point is that the sclerochronological record is retained in such material (Rollins et al. 1990 ). Clam shells, together with bison scapula, were favored tools for mounding earth at burial sites in North American pre-Columbian cultures of the Early and Middle Woodland Periods (approximately 1000 BC-500 AD), with extensive records of clam shell tools from Nova Scotia to the Gulf of Mexico. Trash pits and middens are among the targets of archaeologi-cal excavation in Alaska with time markers varying from stone, bone, and ivory tools to fiber tempered pottery (summary at http://www.nps. gov/akso/akarc/arctic.htm). The option for abundant clam shell in such locations is probably limited because of seasonal access to intertidal resources in combination with the long appreciated threat of paralytic shellfish poisoning (R. RaLonde, University of Alaska Fairbanks, pers. comm.); however, the recent discovery of "clam gardens" (Clark 2010) may provide an opportunity to examine butter clam (Saxidomus giganteus) shells from dated archaeological settings.
Where to now?
Climate change is upon us and is generating substantial reorganizations of shelf communities in temperate and boreal regions (e.g., Southward et al. 1995 , Sagarin et al. 1999 , Lucey and Nye 2010 . Today, as in the past (e.g., Haveles and Ivany 2010), large bivalves are an indicator of robust primary production. Declines in food supply (e.g., Boyce et al. 2010 ; see also Powell et al. 1995 , Manzano-Sarabia et al. 2008 can be expected to seriously affect the larger filter feeders that require high food supply to overcome the differential scaling of ingestion and respiration (e.g., Kim and Powell 2004 ; see also Marzec et al. 2010) . Sentinel organisms are needed wherever routine survey data are inadequate to document change. Large bivalves, slaves to their physiology, are particularly sensitive to variations in temperature and food supply. Ranges are less stable (Roy et al. 2001 ) as a consequence. Life spans are long. Maximum shell size is a reliable indicator of the most optimal routinely experienced conditions. Condition is an early indicator of suboptimal conditions (Marzec et al. 2010, Kim and Powell 2004) . These characteristics make large bivalves obvious choices as sentinels of environmental change. Munroe et al. (2013) provide the modeling structure to relate observed field data to food requirements, and hence primary production available to the food web supporting capture fisheries. A substantial base of information already exists; the challenge going forward is to create a sampling program to provide additional information to allow a clam "proxy" of productivity (water column plus benthic) across the geographic range targeted by the collected contributions in this volume. Discussion with and guidance from ongoing arctic fisheries and benthic programs would be productive. But why stop there? The temperate through boreal continental shelves of the Northern Hemisphere are all experiencing climate driven migration of species distributions. In this contribution we have argued that mactrids are suitable sentinels or "canaries in the coal mine" to monitor this process and provide the basis for future projections. If there is general agreement on the utility of this approach among fishery biologists and benthic ecologists, then an argument exists to extend examination to the shelf species Responses of Arctic Marine Ecosystems to Climate Change of both the northwestern Pacific Rim and the northwestern European shelf. A holistic approach extending both geographically in footprint and methodologically from the benthos to satellite telemetry provides a structure to examine climate change impacts on shelf communities at the hemisphere level. We should embrace the possibility. 
